The need to implement Ecosystem-Based-Management (EBM) in marine ecosystems and the recent adoption of European Union directives, such as the Marine Strategy Framework Directive (MSFD), make indicators that are able to describe ecosystem state particularly relevant. The trophodynamic context is promising in that it can define integrative ecosystem indicators from modelling and field data. Here we analyze energy accumulation across trophic levels (TLs), i.e. the accumulation of energy in various biomass components of an ecosystem. The analysis of biomass accumulation across TLs, previously applied to surveys and model output data, was applied to a time series (1970 to 2010) of landings in the Mediterranean Sea and its 8 sub-areas. The standardized cumulative biomass versus TL curves for each year were fit to a logistic function, revealing that the accumulation pattern was detectable using landings data and confirming prior patterns. Parameters describing the curve shape, i.e. basal biomass, inflection point and steepness, were considered as possible indicators for assessing changes of ecosystem state through time. These parameters were able to detect systems modification in terms of both space and time and exhibited differential sensitivity to external drivers. The inflection point was mainly fishery-driven, whereas steepness seems to respond to environmental features, indicating an ability to discriminate across major ecosystem drivers. The application of Monte Carlo un certainty analysis showed that all of the parameters are sufficiently robust to possible sampling errors in the TL assignment to the different taxa. Collectively, these results confirm the robustness of patterns for cumulative biomass across TL curves seen in a growing number of marine eco systems. These emergent features suggest that this approach could produce useful ecosystem indicators for the implementation of EBM and the MSFD.
INTRODUCTION
Concepts such as 'ecological status' and 'reference conditions' remain among the most important issues which require precise definition in the context of marine environmental management. In particular, with the implementation of the Madrid Protocol for Integrated Coastal Zone Management (ICZM; UNEP/ MAP/ PAP, 2008) and declaration of European Union (EU) directives such as the Habitats Directive (92/43/EC), the Water Framework Directive (WFD; 2000/60/EC) and the Marine Strategy Framework Directive (MSFD; 2008/ 56/EC), the need for ecosystem management is crucial. These directives require the definition and implementation of appropriate ecological indicators that are able to convey complex information to a range of different stakeholders (Rice 2003 , Rice & Rochet 2005 , Jørgensen et al. 2010 . For example, the MSFD requires that EU member states achieve 'good environmental status' (GES) of the marine environment by 2020, highlighting the need not only for indicators but also for reference conditions thereof.
Much of the work in the last decade has endeavoured to define optimal features for indicators, including the need to be feasible, reliable, applicable and effective (Rochet & Trenkel 2003 , Jennings 2005 , Link 2005 , Rice & Rochet 2005) . Apart from a few exceptions (Blanchard et al. 2010 , Bundy et al. 2010 , considerable effort has been devoted to analyzing indicator performance at lower hierarchical levels, from individuals to populations and communities (Gislason 1999 , Jennings & Dulvy 2005 , Shin et al. 2005 . Nevertheless, a system-level approach can be more attractive than species-oriented approaches because both the direct and indirect effects of disturbance can be considered in a single interaction network (Raffaelli 2005 ). Furthermore, system-level indicators integrate across a range of ecosystem func tions and processes and can detect major changes that warrant attention more robustly than indicators that focus on specific taxa, habitats or features of the ecosystem and that often have higher interannual variance (Link 2010) . However, at the ecosystem scale, any impact might potentially cause diffuse and emergent changes in food webs (Layman et al. 2005 , Raffaelli 2005 ; thus, ecosystem indicators need to discriminate responses to different specific pressures, such as anthropogenic (e.g. exploitation pressure) or environmental (e.g. climate), and distinguish them from trophodynamic functional effects (due to ecological interactions) (Link et al. , 2012a .
Ecosystem-emergent properties can be a useful means of describing ecosystem function as well as deriving indicators (Cropp & Gabric 2002) . Trophodynamic studies have developed considerably since Linde man (1942) and Odum & Heald (1975) proposed an energetic context for evaluating ecosystem function. In particular, they have addressed the assessment of fishery impacts on marine ecosystems as well as how the trophodynamic functioning of a system can be measured and how it responds to such impacts (e.g. Cury et al. 2005 , Gascuel et al. 2005 , 2008 , Shin et al. 2010a ). The proposed measures are promising integrative indicators that reflect a systemic response to external pressures but often require intensive modelling or are focused on one facet of the ecosystem response to one type of perturbation (Bundy et al. 2005 , Shin et al. 2010b . Overall, considering the complexity and associated high functional diversity in marine ecosystems, the practical application of system-level indicators remains a challenge.
In this context, the analysis of total biomass in the ecosystem and its distribution across trophic levels (TLs) may be an interesting alternative approach. According to Holling et al. (1995) , ecosystem biomass is a conservative property, which in marine environments exhibits an accumulation at intermediate TLs ). Changes to this accumulation have been suggested as reflective of shifts in ecosystem structure (Sosa-López et al. 2005) .
Recently, Pranovi et al. (2012) proposed using parameters associated with and estimated from cumulative biomass (cumB) across TL curves as an integrative ecosystem indicator. Here, we extend this method and test it using landings data for different areas of the Mediterranean Sea.
The Mediterranean Sea is a semi-enclosed water body comprised of a series of other semi-enclosed basins and, as such, is characterized by peculiar morpho logical-topographical features. Water circulation is driven mainly by the presence of physical thresholds, such as Gibraltar and the Sicilian Chan nel. This structuring results in strong environmental gradients in both space (latitude and longitude) and time (seasons). The Mediterranean is also recog nized as an important biodiversity hotspot (Bian chi & Morri 2000 ). This sea has been subjected to high fishing pressure, resulting in a general overexploitation of renewable resources (STECF 2010 , Colloca et al. 2011 ). Yet as in many other seas, the Mediterranean has recently shown clear signs of changes related to other external drivers, including pollution, climate and eutro phication (Blondel & Aronson 2005 , Coma et al. 2009 . Given these features, the Mediterranean could serve as an important study site for testing measures de rived from the cumB vs. TL method , Pranovi et al. 2012 as possible ecosystem indi cators.
Our specific aims were to (1) calculate parameters derived from the cumB-TL curve applied to Mediterranean landings and test their applicability as ecosystem indicators, (2) assess the sensitivity of curve parameters to possible 'sampling errors' in terms of TL assignment to each species, and (3) analyze relationships between curve parameters and different external drivers (both natural and anthropogenic).
MATERIALS AND METHODS

Landings data sets
Other applications of the cumB-TL approach , Pranovi et al. 2012 ) used extant fishery-independent survey or model-derived data sets. However, as synoptic and long-term time series data of biomass estimates are not available for all areas of the Medi terra nean Sea, we explored the use of landings data as a proxy for biomass. We are cognizant of the limitations of using landings as an index of biomass (c.f. Pauly et al. 2013) but also wanted to explore the utility of the approach for fisherydependent data to determine if the overall systemic response could be detected using such a data time series. This use is appropriate, since we are not looking for a single species assessment but rather ecosystem-wide changes that might be embedded in aggregative landings data.
The time series of landings were reconstructed using the General Fishery Commission for the Mediterranean (GFCM) capture database for the period 1970 to 2010 from the 8 major fishing areas of the Mediterranean Sea designated by the Food and Agriculture Organization of the United Nations (FAO) (Fig. 1) . The scientific names of targeted taxa were assigned to each commercial category, where possible, excluding cases of large categories including multispecies assemblages, such as 'Fish', 'Mollusks', etc. This allowed us to assign to each taxon an appropriate TL first on the basis of published data for this region (Stergiou & Karpouzi 2001) and then by consulting FishBase (Froese & Pauly 2000; see Table S1 in the Supplement at www.int-res.com/ articles/ suppl/ m512 p201_ supp. pdf). Landings data per TL were used to estimate the relative cumB across TLs for each year in each area.
CumB vs. TL model
To obtain comparable cumB-TL curves (in both space and time) and to estimate the curve parameters, the landings data for each year in each area were fitted to a 5-parameter logistic nonlinear regression model (Ricketts & Head 1999) :
( 1) where (2) and c is the minimum plateau (or y-axis intercept), d is the maximum plateau (here set to 1, since we used cumB relative to the maximum), b 1 and b 2 are coefficients related to the slope of the curve, and e is the inflection point in terms of the x-axis (Ricketts & Head 1999) . From these equations, 3 different properties were derived ( Fig. 2) :
(1) 'Basal biomass' (that is, the y-axis intercept) represents the contribution, in terms of cumB, of the lowest TLs available in the analyzed sample; since landings data were used in this application, this parameter can be interpreted as the incidence of low TL taxa (TL < 2.5) in the total catches.
(2) 'Trophic level of the inflection point' (that is, the projection of the inflection point on the x-axis) represents the point of change in the slope sign of the sigmoid curve. It corresponds to the peak in catches of the dome-shaped curve resulting from the trophic spectra analysis (for details, see Libralato & Solidoro 2010) . In this case, however, it can be analytically estimated and expressed in terms of TL and level of cumB (projection on the y-axis; not applied in the present study). It identifies the middle of the interval at which the maximum biomass (in this case, catches) accumulation is ob served and can therefore be consider ed the modal point of the exploitation activities. (3) 'Steepness' represents the slope of the tangent passing through the inflection point; it can be considered an integrative parameter of the general curve shape.
The curve fitting of landings data, i.e. the estimation of parameters, was performed using the 'drm' package (Ricketts & Head 1999) within the R statistical environment (v. 2.15.1; R Development Core Team 2012).
Uncertainty analysis
One of the critical points of the method and, more generally, of all TL-based indicators is the assignment of a fixed TL to each species. The same species, in fact, can exhibit a high TL variability in both space and time and across life-history stages (Feyrer et al. 2003 , Sarà & Sarà 2007 , Hammerschlag et al. 2010 . To assess the robustness of cumB vs. TL and derived indicators to variability in TL, a Monte Carlo uncertainty analysis was conducted. In each area and for each year, 1000 iterations were performed by randomly sampling the TL of each species from normal distributions N(m,s) where m = mean TL of the species and s = standard deviation of the TL calculated by applying a CV = s/m of 4.76% (average value calculated on the basis of the values reported by Stergiou & Karpouzi [2001] for Mediterranean Sea species). This approach allowed us to take into consideration not only the uncertainty of TLs but also the increase of variability with increasing TL value (Stergiou & Karpouzi 2001) . At each Monte Carlo iteration, data were fitted using Eq. (1) and the curve parameters estimated. In this way, for each iteration it was possible to obtain a new time series of parameters to be compared to the original one (nominal parameter estimates).
Explanatory variables and relationships with curve parameters
To assess the relationships of the derived parameters with different explanatory variables, a set of 18 environmental and anthropogenic variables was initially considered (Table 1 ). Some were time-invariant, such as those related to the geomorphology of the area, whereas others were temporally dynamic, such as those related to climate, primary production and fishing impact (Table 1) .
After a preliminary analysis was carried out for each variable and each area (see Table S2 in the Supplement), the variables originally identified were reduced to 9 by choosing only one among those subsets that exhibited high Spearman crosscorrelations (Table 1 ; Table S2 in the Supplement). These selected variables were then tested for possible relationships with the temporal trends of curve para meters using generalized additive mixed models (GAMMs; Hastie & Tibshirani 1990 , Wood 2006 . In particular, different alternative correlations and hetero geneity structures were evaluated following the protocol proposed by Zuur et al. (2009) . After choosing the optimal random structure, the models were fit by considering a thin-plate regression with a shrinkage component (Wood 2008) so that not only the shape but also the selection of variables was fully data-driven. Since chl a was available only for a subset of years (1997 to 2010), the analysis was carried out on both the long and short time series (by excluding and including chl a, respectively). Calculations were carried out using the 'mgcv' package (Wood 2011) 
RESULTS
General patterns
The landings database was composed of 195 taxa belonging to the Mollusca, Crustacea and Pisces groups (for the complete list of taxa and their presence in the 8 areas, see Table S1 in the Supplement). At the level of the Mediterranean Sea, landings are dominated by Pisces followed by Mollusca and Crustacea (Table 2) . This pattern is found in all of the areas, although the relative composition varies (Table 2) , from the Black Sea, dominated by Pisces (97.4%), to the Adriatic Sea, with the lowest contribution by Pisces (68.0%) and a large fraction (24%) of Mollusca. In terms of preferred macrohabitat, pelagic organisms are the dominant group at the Mediterranean level and in the Adriatic Sea, Aegean Sea, Balearic Sea, Black Sea, Gulf of Lion, and Sardinia areas (ranging from 96.4% in the Black Sea to 51.4% in Sardinia). Conversely, in the Ionian and Levant areas, these proportions are in verted, with catches dominated by demersal species (56.2 and 71.6%, respectively) ( Table 2) .
Application of the method showed that the consistency of the sigmoidal logistic pattern in the cumB vs. TL curve applied to landings, both across time (1970 to 2010) and space (all 8 GFCM areas in the Mediterranean Sea) ( Fig. 3) . The plots highlighted the presence of inter-and intra-area differences, such that specific temporal dynamics can be observed ( Fig. 3 Changes in the shape of the cumB-TL curve result in differential effects on the estimated parameters. In particular, the stretching of the curve generally produced a decrease in steepness. Subsequently, shifts in steepness can either not affect the inflection point (e.g. Gulf of Lion, with the exception of the last 2 yr) or notably alter it as in the Balearic Sea. The implication of these shifting parameters is that certain drivers have been impacting the system, albeit with differing responses.
Temporal trends (Figs. 4 to 6) highlighted that each curve parameter showed specific patterns, de pending on the area (Table 3 ). In general, basal biomass appears to be relatively stable through time in almost all of the areas, even if different mean values are observed across the areas. The exceptions are the Adriatic Sea and Sardinia, which exhibit higher mean values (Table 3 ) and a higher inter-annual variability, with a peak in 2004 (Fig. 3) . This parameter, reflecting the catch composition, can be useful in detecting changes in exploitation at the low TL species level. The inflection point (with respect to TL) also exhibits relatively low inter-annual variability, with a notable pattern only in the Ionian, Levant and Sardinia areas, which showed an increase in the 1990s followed by a decline (Fig. 5) . Steepness is the most variable parameter, showing high variability across the areas in terms of both mean values (Table 3) and temporal dynamics. With the exception of the Ionian and Levant areas, steepness showed periodical fluctuations, culminating in a general decrease in the last years (Fig. 6 ). This variability both within and among areas could be useful in detecting the effects of external drivers acting on the ecosystems.
The analysis for the entire Mediterranean showed few temporal variations in the basal biomass and TL inflection point but a more dynamic pattern for steepness, thus confirming patterns observed at the indi-vidual area level (Fig. 7) . All 3 parameters showed 2 clearly distinguishable periods, i.e. before and after the beginning of the 1990s. The second period is characterized by a decrease of steepness, an increase of basal biomass (peaking at the end of the 1990s) and a rather stable trend of the inflection point with only a slight increase in the last years.
Uncertainty analysis
Results of the uncertainty analysis showed limited differences in terms of both direction and range of variation in parameter estimates relative to nominal estimates (Figs. 4 to 6 robust to possible 'sampling errors' in terms of the TL attribution. In general, the dispersion estimated by the Monte Carlo analysis is proportional to the difference between mean values obtained from the uncertainty analysis and nominal values. The salient point is that TL assignment did not affect the trend detection capability.
Explanatory variables and relationships with curve parameters
The GAMM analysis had the same optimal random structure for the 3 curve parameters in all areas, with a first-order autocorrelation term and a random intercept term. The proportion of explainable variance was approximately 40% for all parameter combinations. All re sults in terms of the response shape between each curve parameter and the different drivers are reported in the Supplement (Figs. S1 to S4); Table 4 summarizes only those that are significant. Basal biomass was related to mean area depth in both the long and short time series analyses, implying an in crease of the incidence of herbivorous and detritivorous taxa (TL < 2.5) in total catches in shallower seas. Commercial species at such TLs are usually benthic invertebrates that are mainly exploited in shallow fishing grounds (Table 4 ).
The inflection point (with respect to TL) was positively correlated with the area surface in both the short and long analyses and also with the L-index in the short time series (Table 4 ). The L-index can be considered a measure of fishing pressure, and the total surface of the area can be interpreted as a proxy for the availability of fishing grounds, which can be interpreted either as allowing fishermen to have a broader fishing area or as increasing the incidence of higher TL species in the catches. This implies that the inflection point seems to be largely related to fisherydriven considerations. The inflection point was stable through time and, hence, was used as an estimate of the overall fishing effects (see significant relationship with the L-index; see Table 4 ).
Steepness was negatively correlated with area latitude and positively correlated with maximum depth in the long time series analysis (sea surface temperature [SST] and L-index are marginally significant at the 0.1 p-level); it was positively correlated with SST, chl a and L-index in the short time series (Table 4 ). This parameter is a measure of 'dispersion' of catches around the TL of biomass accumulation. As a consequence, it is reasonable to expect that the parameter is simultaneously affected by both bottom-up environmental (geographic and primary production) and top-down anthropogenic (fishery-dependent) drivers.
DISCUSSION
Emergent properties deserve particular attention in the development of indicator frameworks. Gunderson & Holling (2002) note that emergent ecosystem properties can be considered stable and robust features through both space and time. As suggested by the goal functions theory (Müller & Leupelt 1998) , these are the objectives that tend to be optimized and saturated in all ecological systems (Cropp & Gabric 2002) . From this perspective, indicators based on these emergent properties are expected to be quite effective in detecting significant state variations of complex systems such as these Mediterranean ecosystems.
In particular, total system biomass is quite a conservative property, changing very slowly through time in a wide variety of ecosystems (Holling et al. 1995) . This is directly linked to both (1) species functional redundancy (Peterson et al. 1998 , Loreau et al. 2002 , which allows a species to substitute for another in the same ecological role; and (2) the homeostatic capabilities of food webs, which can react to external perturbations by rearranging the topology (links and nodes) and energy flows (McCann & Rooney 2009 , Vallina & Le Quéré 2011 . As these properties tend to Holling 1996) , detecting changes to them could be difficult and, once de tected, could be too late for mitigation or recovery (Gunderson & Holling 2002) . In this context, it is crucial to understand which types of drivers an indicator is sensitive to and how robust an indicator is in relation to modifications of the external conditions and/or the system state.
Meaning of indicators derived from biomass accumulation across TLs
The analysis of the biomass distribution across TLs (cumB-TL) combines 2 of the most important emerging properties of an ecosystem (energy structure and storage, expressed as biomass), allowing for an improvement in the 'resolution power' of the indicator. Indeed, within the context of the relationship between diversity and ecosystem functioning (Cha pin et al. 1997 , Tilman et al. 1998 , Schwartz et al. 2000 , Naeem 2002 , Micheli & Halpern 2005 , we recommend further analysis of 'functional diversity' related not to taxonomic but to system operational categories. In a trophodynamic context, these categories would be better defined in terms of trophic composition ('vertical diversity', Duffy et al. 2007) and then combined with an emergent property, such as what we have shown here as system biomass. From our work, we note that the metrics associated with the cumB-TL curve encapsulate a suite of realized ecosystem functions. The 3 curve parameters, which are differentially sensitive to different external drivers, collectively appear to capture different aspects of ecosystem functioning. They also appear to exhibit different responses to changes in ecosystem state, all desirable features for ecosystem indicators (Rice & Rochet 2005 .
For instance, the basal biomass for the Mediterranean appears to represent a measure of the prevalence of herbivorous and detritivorous species as part of total biomass. As such, it can be considered a structural parameter related to both fisheries dynamics and features of the area, particularly depth. Within the context of the present application to the Mediterranean Sea, this parameter was typically quite stable through time, with similarly low values across different areas. This indicates the rare occurrences of lower TL invertebrates in catches. However, for those parts of the Mediterranean where there was a somewhat higher prevalence of lower TL invertebrates in the catch, this parameter readily captured such distinctions across areas. This is also true for temporal dynamics. Accordingly, the trend re corded for the Adriatic Sea can be explained by the high level of bivalve exploitation (mainly razor and striped Venus clams), with a peak recorded at the end of the 1990s followed by a decrease of the resource (Romanelli et al. 2009 ). The variations in basal biomass over time in the Sardinia area are mainly related to mussels that for a period were considered within the landings statistics by FAO. These examples show the capabilities of basal biomass to capture the changes in the landings.
The inflection point represents an estimate of the TL at peak catches. The parameter is, at least in the Mediterranean, mainly fishery-driven, given its association with proxy variables for fishing emerging from the GAMM analysis. The parameter was also mostly stable through time and can be interpreted as an indicator of overall fishing effects (e.g. to assess the presence of fishing down effects; Pauly et al. 1998) .
Steepness synthesizes environmental and anthropogenic processes; it is the parameter that integrates across the cumB-TL curve, measuring the strength of biomass accumulation. In this case, a flattening of the cumB-TL curve (resulting in a decrease of the steepness) can be considered a negative response of the ecosystem to both natural and anthropogenic drivers. The parameter was significantly correlated to 2 driv- Table 4 . Correlation between curve parameters and external drivers (only parameters showing significant relationships are reported). The analysis was carried out for all systems combined, with and without chl a (i.e. short and long time series, respectively). +: significant (p < 0.05) positive relationship; −: significant (p < 0.05) negative relationship; (+): significant (p < 0.1) positive relationship; Chl a: chlorophyll concentration; SST: sea surface temperature; TL: trophic level ers, chl a and SST, which are important in determining the production regime of the system, similar to high-latitude systems (Pranovi et al. 2012) . Regarding temporal dynamics, the steepness and inflection point showed an inverse pattern, but both indicators exhibited the highest variability in the areas known to have experienced the most perturbations. Inflection points showed high temporal variability in the 3 areas (Ionian Sea, Levant Sea, Sardinia) that presented a peak in landings at the end of the 1980s and beginning of the 1990s, which might be related to the peaks in exploitation. Steepness, on the other hand, showed a pattern more clearly explainable with broad ecosystem changes. In the Adriatic Sea, the steepness pattern appeared to highlight the crisis at the end of the 1980s and a slow recovery in the following period; in the Balearic Sea, the pattern showed a decrease of environmental 'quality' in the last decade as highlighted in previous works (e.g. Coll et al. 2006) ; and in the Black Sea, the readily observed dramatic reduction in steepness is connected with the regime shift recorded for 1988 to 1989, in relation to the ctenophore alien species invasion (Daskalov 2002) .
Uncertainty and reliability of indicators derived from CumB vs. TL
The use of trophic composition analysis, applied to landings data in particular, is still a highly debated issue (Branch et al. 2010) . That general debate raises concerns about the difficulties of correctly assigning a TL to different taxa because of the high observed variability of diet in both time (e.g. ontogenetic shifts) and space plus concerns over using landings data to represent biomass of 'real communities' (see Pauly et al. 2013) . We trust the work here reasonably addresses and even mitigates some facets of these concerns. In particular, the sensitivity analysis showed little change in response across levels of TL assignment, suggesting that at least this method is robust to these TL assignments. The sensitivity analysis, in fact, revealed some level of robustness in relation to possible 'sampling errors' in the TL assignment to different taxa, showing that the main features of the temporal dynamics are maintained for the 3 parameters estimated from cumB-TL curves. Nevertheless, differences in sensitivity were detected among curve parameters, with the inflection point more stable than steepness and basal biomass. Regarding the representativeness of real communities, it has to be considered that landings could be biased by different factors. Unreported catches, missing entire compartments or key species simply not targeted by fisheries (such as many lessepsian species) all represent important issues in the Mediterranean Sea. From an ecosystem services perspective, however, the quality of a supplied service (in this case, the exploitable biomass) is directly dependent on the ecological status, and analysis of landings variations through time can be considered a proxy of the entire system functioning. In addition, landings often represent the only data source available on a time series basis.
Until now, the biomass accumulation across TL method has been applied to survey data (Pranovi et al. 2012 ) and model output data (Link et al. 2012b ). Yet the patterns shown here are similar to those observed for fishery-independent data (Pranovi et al. 2012 , Link et al. 2012b ), suggesting that this approach can readily use a wider range of data to capture main emergent ecosystem properties. The consistency of the pattern with that emerging from the use of other kinds of data (Pranovi et al. 2012 , Link et al. 2012b may also indicate an inherent robustness of the cumB-TL method. Further, these curves were estimated in terms of relative biomass values, mitigating possible effects on landings data as representative of biomass. Therefore, parameters estimated on relative curves were comparable in both space and time, even in the absence of reliable data on the fishery features to correct for the absolute value of landings. The con sistency of the biomass accumulation pattern across TLs, independent of the type of data used (e.g. fishery-independent or fishery-dependent), may also be viewed as a confirmation that, to some extent, landings represent a reliable proxy for understanding changes in exploited marine communities (sensu Pauly et al. 2013) .
The patterns we observed highlight the presence of biomass accumulation at intermediate TLs (between TL 2.8 and 3.3), confirming previous findings (Pranovi et al. 2012 ) and theoretical expectations ). General patterns for cumB-TL curves were consistent in both space (across the 8 analyzed areas) and time (through the entire time series, 1970 to 2010), but the indicators were able to capture spatiotemporal dynamics in terms of catch composition, which can also reflect dynamics of the trophic structure. Collectively, this provides further evidence that the biomass accumulation patterns at intermediate TLs can be considered an emerging property in all marine ecosystems, as suggested by Pranovi et al. (2012) and Link et al. (2012b) . Emergent properties from the general cumB-TL curve pattern (i.e. estimated curve parameters as basal biomass, inflection point and steepness) may be suitable as ecosystem indicators. The method used here for defining such indicators has the advantage of being applicable in many situations where only rudimentary fishery statistics are available (Pauly et al. 1998 , Pauly & Mac lean 2003 . This would be of particular interest in areas characterized by high ecological heterogeneity and great differences in availability of scientific information, such as the Mediterranean Sea.
The comparison of these findings to those from high-latitude ecosystems (Pranovi et al. 2012) suggests some differences in biomass accumulation patterns. Biomass accumulation in the Mediterranean areas is lower than that in high-latitude ecosystems, as seen in the values of inflection point and steepness. Although the value of these parameters can be partially related to the type of data used (fisherydependent vs. fishery-independent), an important interpretation may also lie in the differences in ecosystem structure across types of ecosystems and areas. Higher latitude systems should have a higher accumulation of biomass because their food webs are relatively simpler and the mean size of species is larger (e.g. see Heymans et al. 2012 ). Yet despite differences in actual values of these parameters, one common feature remains across the different types of ecosystems; the present work confirms findings reported in Pranovi et al. (2012) that fishing can notably affect the structure of marine ecosystems, with significant and detectable impacts on inflection point and steepness of the cumB-TL curve. However, contrary to previous findings from other ecosystems (Pranovi et al. 2012) , the Mediterranean climate proxies (such as the North Atlantic Oscillation and different Mediterranean Oscillation indices) did not seem to play a direct role in affecting the cumB vs. TL curve shape. This could be related to the complicated effects of climatic changes on the Mediterranean area that can be only partially summarized by these proxies. That SST was related to the dynamics of these parameters in the Mediterranean suggests that there may indeed be some environmental relationships, which we have not fully captured here.
Potential indicators for ecosystem-based management
The cumB-TL curve and associated parameters demonstrated strong potential as good candidates for ecosystem indicators in an ecosystem-based man-agement context. They showed desirable features such as low sensitivity to possible errors in assigning the TLs and a differential sensitivity to external drivers. Moreover, as noted above, we document that the cumB-TL approach is feasible using landings data. Thus, the associated parameters can be applied to different kinds of data (fishery-dependent and fishery-independent), making this approach widely applicable to a broader range of data sources. The approach is a relatively simple treatment of readily available data and does not require extensive food web modelling. This approach clearly captured modi fications to catches over time as emergent in the ecosystem-level indicators. General expectations such as the flattening of cumB curves in relation to an increase of anthropogenic impacts were confirmed. For instance, the known regime shift recorded for 1988 to 1989 in the Black Sea (Daskalov 2002) was readily observed as a dramatic reduction in steepness for that system; similar patterns were observed for the Gulf of Lion in the last 2 yr, probably due to the sharp decrease of small pelagic abundance recorded in the area (European Commission 2010).
Even if a complete disentangling of drivers and responses is not possible, some discrimination between natural and anthropogenic parameters was discernible. Steepness was largely affected by environmental variables, whereas the inflection point was mostly fishery-driven. From this, we divide the 8 areas into 2 groups: (1) systems with almost stable steepness and high variability in the inflection point (Ionian Sea, Levant Sea and Sardinia), probably affected mainly by variations in the fisheries; and (2) systems showing high variability in steepness and a stability in the inflection point (Adriatic Sea, Balearic Sea, Black Sea, and Gulf of Lions), for which an effect of environmental drivers can be invoked. The ability to discriminate across main ecosystem drivers is not a trivial outcome when establishing indicators.
The comparison between results obtained at the regional (single area) and large marine ecosystem (LME; entire Mediterranean) scales highlighted the importance of the adoption of a refined, spatially explicit approach, since the analysis at the larger scale (LME) could often result in not only a loss of information (missing significant trends) but also misleading conclusions. For instance, contrasting indicator dynamics at regional scales that have significant ecological meaning can be lost when looking at aggregated values at the scale of the Mediterranean, missing the ability to detect ecological changes. As an example, the basal biomass and inflection point analyzed at the Mediterranean level showed a stable pattern, suggesting a quite resilient situation in relation to fishing impact. Yet individual areas showed significant temporal variability. Steepness for the entire Mediterranean showed 2 clear phases before and after 1990, again suggesting a kind of ecological stability, at least on a decadal basis. Recent analyses, however, demonstrated exploited populations in recent times in some areas (Colloca et al. 2011) , in agreement with our regional findings. Moreover, spatial heterogeneity in management planning always has to be taken into account (Giakoumi et al. 2013) ; thus, the regional (sub-area) scale also warrants examination.
As with other trophodynamic indicators that have been proposed and that are in development (Bundy et al. 2005 , 2010 , Shin et al. 2010a , additional simulation and uncertainty testing is warranted before their use can become fully operational. Yet the cumB-TL parameters show promise as useful indicators in the context of MSFD Descriptor 4. Within this context, the proposed indicators seem to match many of the criteria suggested for ecosystem indicators selection (see Rice & Rochet 2005) , as they are applicable to different kinds of data (from landings to model outputs), responsive on an appropriate time scale and offer the opportunity to define the magnitude and direction of change. For instance, these indicators can be analyzed to define relationships with the GES and the analysis of several systems with known status or with time series of known ecological status trajectories that will allow the development of thresholds. Thresholds could be defined by comparatively analyzing a couple of indicators (e.g. inflection point vs. steepness) for a large set of systems in which the ecological state is known. This will identify reference levels or at least values of the indicators that we want to avoid.
Evaluating thresholds was beyond the scope of the work here; nevertheless, desirable directions of change for these indicators have been highlighted. This represents an important first step that can be useful in systems for which reference conditions are lacking or difficult to determine, as is often the case for the application of some GES indicators by EU member states.
Several regulations (Habitats Directive 92/43/EC, WFD 2000/60/EC, MSFD 2008/56/EC) and agreements (including the Madrid Protocol and ICZM) require the implementation of ecosystem-based management that will necessarily require a suite of robust indicators able to describe the ecosystem state. Particularly interesting are indicators that allow discrimination, at least partially, between different external drivers (e.g. natural vs. anthropogenic pressures). Therefore, we are confident that the measures proposed here represent a useful step towards that end. 
